Abstract: An active toroidal switch is numerically presented in a terahertz metamaterial. Transmission of toroidal dipole can be tuned by the conductivity of vanadium dioxide, and its modulation depth can be up to 32%. The resonance of toroidal dipole is verified by the distribution of electric current. Due to the unique field distribution of the toroidal mode, the proposed design may find potential applications in enhanced absorption and sensing.
Tunable Toroidal Dipolar Resonance for Terahertz Wave Enabled by a Vanadium
Dioxide Metamaterial
Introduction
Metamaterials made of artificially subwavelength resonators provide innovative ways to control electromagnetic response of macroscopic media, such as electromagnetically induced transparency [1] - [3] , polarization manipulation [4] - [6] , and perfect absorption [7] - [9] . Toroidal dipole is a localized electromagnetic excitation, which plays a key role in determining basic properties of matter [10] - [27] . Recent discoveries of toroidal dipole in metamaterial systems show that they exhibit poloidal currents flowing on the surface of a gedanken torus along its meridian. Since the unique property of toroidal dipole is the nonradiative configuration, its electromagnetic scattering is usually weaker than that of electric dipole and magnetic dipole, and the study of toroidal dipole has attracted more attention. Some works have discussed the new scheme to mimic torus configuration of toroidal dipole. In 2010, T. Kaelberer et al. reported the observation of a resonant toroidal dipole response in a microwave metamaterial [11] . Their experimental evidence of the toroidal response has drawn attention to the often ignored electromagnetic interactions involving toroidal multipoles. In 2013, V. A. Fedotov et al. confirmed experimentally a new resonant electromagnetic transparency mechanism, and yielded very narrow isolated symmetric Lorentzian transmission lines in toroidal metamaterials [14] . In 2015, A. A. Basharin et al. theoretically studied subwavelength clusters of high-index dielectric cylinders metamaterials supporting toroidal dipolar excitations in the terahertz spectrum [17] . In 2017, M. Gupta et al. demonstrated sensing with toroidal resonance in a twodimensional terahertz metamaterial [21] . Their proof of concept opens up a way to explore the interaction between matter and toroidal multipoles. In 2017, Z. Liu et al. presented a 3D toroidal metamaterial with high-quality-factor toroidal resonance working in the mid-infrared region [23] .
In 2018, M. Gupta et al. demonstrated an active toroidal metamaterial switch [25] . The toroidal dipole can be dynamically switched to the fundamental electric dipole or magnetic dipole in a hybrid metamolecule design. But most of them are static, and dynamic toroidal dipole is deserved to develop. At the same time, when temperature reaches 340 K, vanadium oxide (VO 2 ) can be triggered to change from insulator to metal [3] , [8] , [28] - [30] . During transformation process, lattice structure of VO 2 changes from monoclinic structure to tetragonal structure, and its electrical conductivity increases sharply. Therefore, it is a very promising material to realize active control of optical properties. Here we present a toroidal switch for terahertz wave through the designed VO 2 metamaterial.
The Designed Scheme and the Calculated Results
In this scheme, an ultrathin VO 2 layer beneath the metallic structure can actively control optical properties of the hybrid metamaterial. As shown in Fig. 1 , the unit cell consists of a planar resonator pair arranged in the symmetric geometry. The unit cell has periodicity of 250 μm (175 μm) along X (Y) direction. The outer dimension of individual resonator is 150 μm × 75 μm with arm width of 5 μm, and the size of split-gap is 25 μm. All metamolecules are periodically arranged in the direction of X and Y, and separated from each other with 100 μm distance. The thicknesses of metallic structure, Si O 2 spacer, and VO 2 are 0.2 μm, 50 μm, and 1.0 μm. The permittivity of VO 2 in terahertz range can be expressed by Drude model, and it is usually written by
, where ε ∞ and γ are 12 and 5.75 × 10 13 rad/s [30] . The plasma frequency ω p at conductivity σ can be approximately described as ω p 2 (σ) = . The relative dielectric constant of SiO 2 with negligible loss is 3.8 [32] , [33] .
To study the photoactive tuning of toroidal resonance, finite element method is employed to calculate optical properties of the designed system. During simulation, unit cell boundary conditions are used along X and Y directions with incident wave along Z direction. Thus electromagnetic response of two-dimensional infinite metamolecule arrays is investigated. Incident plane wave with electric field along the central wire excites conductive currents in each loop of the metamolecule. dipole is observed around 0.46 THz. As the conductivity of VO 2 increases, amplitude of toroidal resonance decreases because the metallic property of VO 2 improves with increasing conductivity. So the influence of VO 2 on transmission is significant. The resonance almost disappears when conductivity is 2000 −1 cm −1 . By tuning conductivities of VO 2 , the designed toroidal resonance does not show any geometric change in activity. Because toroidal dipolar resonance has a narrower bandwidth in some metamaterial systems, it is often used to achieve sharp sensing [19] , [21] and high-Q response [23] , [27] .
In order to explore the resonant character of toroidal dipole, numerical simulation of electric current are carried out as shown in Fig. 2(b) . With electric field being parallel to the central wire, incident wave induces magnetic dipole in each of split ring resonator (SRR), and makes electric current flow on the surface of each SRR. Induced circulating currents of two metallic loops are essentially opposite, and such a current distribution causes a ring-like profile of magnetic field. As a result, spatial feature of a closed magnetic vortex with head-to-tail configuration, oscillating upward and downward within metamolecule, supports the excitation of toroidal dipole.
Discussions
On the above basis, the effects of two structural parameters, SiO 2 thickness (t 1 ) and VO 2 thickness (t 2 ), on toroidal dipole are studied when the conductivities is 10 −1 cm −1 . As shown in Fig. 3(a) , when distance between metallic structure and VO 2 increases gradually with the increase of t 1 from 10 μm to 50 μm, the resonance becomes gradually stronger. Then transmission dip becomes sharper, because the influence of VO 2 on toroidal dipole becomes weaker as distance between metamaterial and VO 2 increases. Due to the positive dielectric permittivity (ε ≈ 10.6) of VO 2 under the condition of conductivity 10 −1 cm −1 [8] , transmission dip in Fig. 3 (b) change little with the increase of t 2 from 0.2 μm to 1.0 μm.
The property of polarization dependence of the designed system is investigated in Fig. 4(a) . The simulated results tell that when the angle between electric field and Y axis is larger than 45
• , the phenomenon becomes worse and even disappear. This is mainly caused by anisotropy. The above results are calculated under normal incidence. In practical applications, if the device can ensure high performance at the angle of oblique incidence, the effect will be better. It is worthwhile to verify this feature by simulation. As shown in Figs. 4(b) -(c) for two different polarizations, incidences of transverse electric (TE) polarization and transverse magnetic (TM) polarization are investigated. Transmission is simulated as a function of frequency and incident angle. Numerical results show that transmissions of TE (k x , k z , E y , H x , H z ) wave in Fig. 4(b) and TM (k y , k z , E y , E z , H x ) wave in Fig. 4(c) are quite stable even if incident angle reaches 45
• . When incident angle further increases, transmission in these two cases decreases and even disappears for TM polarization when incident angle is larger than 60
• . 
Conclusions
To summarize, we have designed a terahertz metamaterial consisting of two SRRs, and numerically demonstrated the resonance of toroidal dipole. The VO 2 film is incorporated into the system in terahertz range. Transmission of toroidal dipolar resonance can be actively modulated by the conductivity of VO 2 , and the corresponding modulation depth can reach 32%. Our design may provide one possible approach for realizing novel toroidal resonance-based devices.
